Introduction
Helium has two stable isotopes, with mass numbers 3 and 4. Most 3 He in terrestrial samples is regarded as being a trapped component of solar nebulae at the time of the Earth's accretion, while 4 He is produced by the radioactive decay of U and Th in crustal rocks. 1 The terrestrial atmosphere contains helium with a concentration of 5.24 ppm by volume. 2 This is attributable to the balance between the supply from the solid Earth (mantle and crust) and escape from the top of the atmosphere into space. 3 Since the residence time of helium in the atmosphere is approximately 10 6 years, 4 and is significantly longer than the mixing time in the atmosphere (a few years), 5 the air 3 He/ 4 He ratio is believed to be a constant on a global scale. 6 However, recent human activity in fossil-fuel extraction could release an appreciable amount of crustal helium with a low 3 He/ 4 He ratio. 7 Thus, the atmospheric 3 He/ 4 He ratio may have been decreasing with time and space, due to the anthropogenic release of crustal helium in the northern hemisphere. If this is the case, it has serious implications for helium isotope geochemistry, since most laboratories engaged in helium isotope measurements use atmospheric helium as a natural isotopic standard. 8 Several recent papers [9] [10] [11] [12] have addressed the question of whether the atmospheric 3 He/ 4 He ratio is decreasing with time. Sano et al. 9 measured the 3 He/ 4 He ratio of air samples collected over a 10-year period at various sites in Japan, and claimed an apparent 1 -2% decrease in the ratio. Lupton and Graham 8 reported a slope of +0.009 ± 0.043%/year (2σ) for the time rate of atmospheric 3 He/ 4 He change (TROC) based on Pacific marine air collected over a 17-year period. In contrast, Sano 10 suggested a TROC of -0.033%/year, which was compatible with estimates of the anthropogenic release of radiogenic helium. Pierson-Wickman et al. 11 measured the 3 He/ 4 He ratios of helium trapped in historical metallurgical slags in an attempt to study the secular variation of the ratio. Taking into account the data, they proposed a TROC of -0.014 ± 0.007%/year. Recently Lupton and Evans 12 reported that a TROC could be between -0.0102 and +0.0019%/year, which corresponds to a 0.3% decrease at most in the atmospheric 3 He/ 4 He over the past 3 decades. They claimed that the TROC is below the detection limit of most laboratories.
Even though many efforts have been devoted to the secular variation of air helium, as described above, the changes of the atmospheric 3 He/ 4 He ratio with the latitude and the longitude have not been assessed since the pioneer work of Mamyrin et al. 13 We develop an analytical system to measure the atmospheric 3 He/ 4 He ratio at about 0.2% error margin (2σ) and will apply the method to evaluate the 3 He/ 4 He ratio of He Standard of Japan (HESJ) and air samples collected at various sites in Japan and Taiwan.
Experimental
About 0.1 cm 3 STP of each air sample was admitted into the vacuum line described by Sano and Wakita 14 with some modifications, where helium and neon were separated from the other gases by activated-charcoal traps kept at liquid-nitrogen temperature and hot titanium getters. It is possible to reduce the sample size by about one-tenth, compared with the old system using VG5400, 14 since the static volume of the vacuum line was reduced, and the sensitivity of the mass spectrometer has increased significantly. Helium was separated from neon by a cryogenic charcoal trap kept at 40 K, and transferred into a static We have developed an analytical system to measure atmospheric 3 He/ 4 He ratios precisely by using a static vacuum operation mass spectrometer and an ultrahigh-vacuum purification line. After purification of the sample, helium was introduced into the mass spectrometer. Ion beams of 3 He and 4 He were measured at the same time by a double collector system. A resolving power of about 700 at the 5% level of the peak height was attained for the complete separation of 3 He ions from those of HD and H3. Repeated analysis of a sample calibrated against a standard showed a precision of about 0.2% error margin (2σ). This system has been applied to evaluating the 3 He/ 4 He ratio of He Standard of Japan (HESJ), and for the assessment of the atmospheric variation of latitude. The observed 3 He/ 4 He ratio of HESJ, 20.405 ± 0.040Rair (2σ) agrees well with the value of 20.408 ± 0.044Rair by Lupton and Evans, but is smaller than the recommended value of 20.63 ± 0.10Rair in a literature. Air samples collected from 45 to 20˚N in the Far East showed a slight decrease of the 3 He/ 4 He ratio with latitude. Even though the variation is attributable to an experimental artifact, it may not preclude the possibility that the anthropogenic release of crustal 4 He is significant in the high-latitude region of the northern hemisphere. 4 He + beams were measured simultaneously by a double collector system. The intensity of the 3 He + beam was detected by an ion counting system equipped with a secondary electron multiplier at the mass resolving power of about 700, while that of 4 
He
+ was by a Faraday cup at the power of about 400. It is noted that the mass resolving powers of both collectors have increased significantly compared with those of the old system, 550 for the Daly detector and 200 for the Faraday cup. We used a new internal helium standard (HESJ) prepared by Matsuda et al. 15 as a running standard to calibrate the sample 3 He/ 4 He ratio. A known amount of HESJ, 2.0 × 10 -7 ccSTP was admitted into the highprecision noble-gas mass spectrometer, and the sensitivity of helium was assessed. The observed sensitivity was about 4 × 10 -4 A/Torr at the trap current of 800 μA, which is fourtimes better than that of the previous system using VG5400. 14 In order to check the analytical precision of the present system, we performed two experiments on the pressure dependence of the mass bias factor and the reproducibility in helium isotope analysis using the HESJ. Generally, it is known that there is a pressure dependence of the 3 He/ 4
He ratio on the sample size in a mass spectrometer. We measured helium isotopes of the HESJ for varying amounts to evaluate the pressure effect. Then, helium isotopes of equal amount of the HESJ were measured repeatedly to assess the reproducibility. A lead glass container equipped with two vacuum valves at both ends was evacuated using a rotary pump with a liquidnitrogen trap down to 1 × 10 -3 Torr. At the sampling site (seven places in Japan together with Montreal and Taipei), both valves were opened and an air sample was collected up to atmospheric pressure. After a few minutes to wait for isotope mixing, both valves were closed.
When we measured the 3 He/ 4 He ratio of an air sample, we adopted the A1 B1 A2 B2 A3 method, where A and B denote the HESJ standard and air helium, respectively. The observed 3 He/ 4 He ratio of sample B1 was calibrated against the average of A1 and A2. The error of a B1 analysis was calculated as taking into account B1 itself as well as A1 and A2 in quadrature. Note that the long-term reproducibility of HESJ, 0.03% (2σ) is significantly smaller than a single measurement, such as A1 and A2, 0.1 -0.2% (2σ) as described below.
Results and Discussion

Evaluation of the analytical precision of the present system
There is a pressure effect in a static vacuum mass spectrometer. In the case of VG5400, the pressure dependence Fig. 1 Pressure effects of the helium isotope ratio obtained by the VG5400 mass spectrometer (a) and by the Helix SFT mass spectrometer (b). Note that the trend is contrary. The error assigned to the ratio is two sigma. Fig. 2 Reproducibilities of helium isotope measurements obtained by the VG5400 mass spectrometer (a) and by the Helix SFT mass spectrometer (b). The error assigned to the ratio is two sigma.
of the 3 He/ 4 He ratio was up to 6% with a sample size variation of one order of magnitude ( Fig. 1a ; data are referred from Sano and Wakita). 14 For a higher total pressure, a lower 3 He/ 4 He ratio was observed. There is also pressure effect in the present system (Helix SFT). However, the trend was contrary, and the discrimination was smaller than that of VG5400, up to 2% in this study (Fig. 1b) . A similar pressure effect, a positive correlation between the ratio and the pressure, was reported in a system using a noble gas mass spectrometer (6-60-SGA, Nuclide Co.). 16 All mass spectrometers (Helix SFT, VG5400, and Nuclide) have a simple Nier-type electron impact ion source. 17 Therefore, the different trend concerning the pressure effect may be attributable to the space-charge effect of ion beams in the analytical flight tube and/or detection system of positive ions. The Helix SFT and Nuclide have a secondary electron multiplier to measure very small amounts of 3 He ions, while the VG5400 is equipped with a Daly detector. Sano et al. 16 reported that the positive correlation between the ratio and the pressure observed in the Nuclide was due to a sensitivity depression of the 4 He ion beam in the mutual electrostatic repulsion of 4 He ions, due to the space-charge effect. On the other hand, the negative correlation in VG5400 was attributed into a depression of the efficiency of the Daly multiplier. 14 Therefore, the pressure effect may be derived from a complicated reason. In any case, it is absolutely necessary to balance the amounts of the sample and the standard when we measure the 3 He/ 4 He ratio precisely. Figure 2a shows the reproducibility of air standard measured by the VG5400 within 22 successive days (data are referred from Sano and Wakita). 14 A single measurement of purified atmospheric helium shows an error of 0.7 -0.9% (2σ), while the average of 12 measurements indicates an error of 0.23% (2σ), where one takes into account the error-weighted mean. By using the Helix mass spectrometer, we also checked the reproducibility of the 3 He/ 4 He ratios of the HESJ sample based on repeated measurements within 6 successive days (Fig. 2b) . A single analysis showed an error of 0.1 -0.2% (2σ), while the average of 17 measurements indicated an error of 0.03% (2σ). Thus, the present analytical system is significantly precise when compared with that of the VG5400. The better precision achieved here may be due to the higher sensitivity of 3 He in the Helix system, and the better stability in the signal intensity and gain derived from the extremely low noise level of the ioncounting system.
Evaluation of He Standard of Japan
Since the air 3 He/ 4 He ratio is significantly lower than those of terrestrial mantle-derived samples, a large amount of air is needed in order to obtain a precise measurement with adequate calibration. Matsuda et al. 15 thus prepared He Standard of Japan (HESJ) with a relatively high 3 He/ 4 He ratio. They submitted a split of HESJ in a gas cylinder to four laboratories in Japan, and asked them to measure the 3 He/ 4 He ratio calibrated against the air standard in each laboratory (Table 1) . Based on the six independent analyses, the recommended value of 20.63 ± 0.10Rair was presented by Matsuda et al. 15 We collected air samples at a small park close to our campus in Nakano, Tokyo. Figure 3 shows the reproducibility of a single air sample collected at Nakano measured by the Helix mass spectrometer within seven successive days. When we took the error-weighted mean of the nine analyses, the average of HESJ was 20.405 ± 0.040RN-air (2σ) where RN-air is the 3 He/ 4 He ratio of the Nakano air.
Recently, Lupton and Evans 12 reported a HESJ value of 20.408 ± 0.044RP-air (2σ), where RP-air is the 3 He/ 4 He ratio of Pacific marine air collected in Newport, Oregon in September 1997. If RN-air and RP-air are equal to Rair, as is believed so far, our value of 20.405 ± 0.040Rair agrees well with that of Lupton and Evans, 12 but is significantly lower than the recommended value of 20.63 ± 0.10Rair. Taking into account the compilations by Matsuda et al., 15 one may realize that the HESJ values of Laboratory for Earthquake Chemistry and Earthquake Research Institute, the University of Tokyo are significantly higher than the other results (Table 1) . These air standards were collected on the main campus of the University of Tokyo. Note that Sano et al. 18 reported the lowest atmospheric 3 He/ 4 He ratio of (1.343 ± 0.013)× 10 -6 at Ueno Park, close to the main campus. There is a possibility that these air standards were affected by a local phenomenon. Except for the data of these two laboratories, the average of HESJ becomes 20.407 ± 0.029Rair, which is a revised recommended value of HESJ in this work. In any case, Lupton and Evans 12 concluded that either a) their HESJ sample was fractionated compared to the other HESJ, or b) their air standard had a higher 3 He/ 4 He ratio than those in some Japanese laboratories. If the latter is the case, the atmospheric 3 He/ 4 He ratio may vary with the latitude and the longitude.
Atmospheric 3 He/ 4 He ratio variation with latitude
The 3 He/ 4 He ratios of air samples derived from seven locations in Japan together with Montreal and Taipei were measured as following the Nakano air analysis. Data are listed in Table 2 , where all helium isotope ratios were calibrated against our running standard (HESJ), where Rs is the 3 He/ 4
He ratio of the running standard. Figure 4 shows the atmospheric 3 He/ 4 He ratio variations with latitude. Air samples collected from 45 to 20˚N indicate a slight decrease of the 3 He/ 4 He ratio with the latitude, even though the experimental error is relatively large. The dotted line shows a general trend of the air 3 He/ 4 He ratio variations, which was calculated by a least-squares method, where the weight of the each experimental error was taken into account. The calculated correlation coefficient is significant with a value of -0.525 at the 99.5% confidence level. The estimated decreasing rate of the 3 He/ 4 He ratio is (-4.06 ± 3.70)× 10 -4 /sine (latitude) in units of Rair/Rs at 2σ. Even though the variation is attributable to an experimental artifact, it may also suggest an anthropogenic release of crustal helium in the highlatitude region of the northern hemisphere.
An increase of global atmospheric CO2 with the sine (latitude) was reported in the years 1981 -1987, 1988 -1991 and 1992 by Conway et al. 19 The northern hemisphere profile of CO2 is probably a mirror image of the air 3 He/ 4 He variation. The decrease of the 3 He/ 4 He ratio from the area of sine (latitude) = 0.3 to 0.8 is 0.00020, and is calculated to be -0.41 ± 0.37% of the absolute ratio, while the increase of CO2 was about 0.8 ppm and 0.22% of the average content with the same latitude variation in 1992. 19 If the decrease of the 3 He/ 4 He ratio is attributed to an anthropogenic release of crustal helium with a low ratio of 3 × 10 -8 (Ref. 1), the atmospheric helium concentration increases 0.42 ± 0.38% of 5.24 ppm (Ref.
2) from the area of sine (latitude) = 0.3 to 0.8, which corresponds to 22 ± 20 ppb of the absolute content. When the estimated increase of the air helium content with the latitude is compared with the increase of the atmospheric CO2 of about 0.8 ppm, we may calculate the He/ΣC (total carbon irrespective of chemical form) ratio of the anthropogenic source. The estimated He/ΣC ratio of 2.8 ± 2.5% in the source is significantly larger than the mean helium concentration of 0.217% in the natural gas of the USA. 20 This suggests that the air 3 He/ 4 He variation in Fig. 4 is too large due to an experimental artifact and/or a local release of radiogenic helium in the Far East. There is a possibility that a major part of fossil fuel CO2 emission was adsorbed in the cold ocean and fixed by plants. 5 Based on the CO2 distribution and the variations measured at a global network, Conway et al. 19 reported that the fossil emission was 6.10 Gt/year, while the atmospheric increase was 1.39 Gt/year, which was only 23% of the total emission in 1992. Since helium is chemically inert, the He/ΣC signal of an anthropogenic source may be amplified by a factor of 4.4 in the air. Then, the observed air He/ΣC ratio of 2.8 ± 2.5% is corrected to be 0.64 ± 0.57%, which is still higher, but comparable with the average helium content of 0.217% within the error. Although the present data can not constrain the source and sink of atmospheric CO2, more intensive data of atmospheric helium isotopes on the global scale may provide useful information about the important budget of greenhouse gas in the future.
